The heuristic explanation, suggested by the parcel method, for the baroclinic instability mechanism is reexamined. The parcel method argues that an air parcel displaced within the wedge of instability, that is, between the horizontal and the isentropes, is vertically accelerated by the buoyancy force and hence becomes unstable. However, in the synoptic scale, the buoyancy is balanced by the vertical pressure gradient force perturbation, which is neglected by the parcel method, and thus the parcel acceleration is essentially horizontal. For the unstable Eady normal modes, the horizontally averaged buoyancy work is found to maximize at the steering level and to vanish at the boundaries, but the horizontally averaged parcel kinetic energy growth is minimized at the steering level and maximized at the boundaries. It is shown that the buoyancy work is vertically redistributed by the pressure gradient force perturbation throughout the secondary circulation.
Introduction
Since Eady (1949) , the parcel method is often used to provide a heuristic explanation for the basic mechanism of the baroclinic instability, for example, Green (1960) , Pedlosky (1987) , Thorpe et al. (1989), and Holton (1992) . This explanation contains two basic arguments as follows.
When an air parcel is displaced within the wedge of instability, that is, when the displacement slope in the y-z plane is between the horizontal and the isentropic slope, then the buoyancy force bЈ performs positive work on the parcel (Fig. 1) . Therefore, although the atmosphere is stably stratified to vertical displacements, the buoyancy force rather than being restoring will vertically accelerate the parcel from its initial position increasing the parcel kinetic energy. This argument is associated with the instability of the parcel itself and will be denoted hereafter as the buoyancy argument.
Also, a parcel displaced adiabatically within the wedge of instability, upward and poleward, becomes warmer than its new environment. This contributes toward both vertical and meridional positive heat flux perturbations. Positive vertical heat flux converts perturbation available potential energy to perturbation kinetic energy, while positive meridional heat flux extracts perturbation energy from the mean flow. This argument is associated with the instability of the flow as a whole and will be denoted hereafter as the heat flux argument. The buoyancy argument is based on the parcel method assumption that an air parcel is moving sufficiently slowly to instantaneously adjust its pressure to its surroundings. Therefore, the perturbed pressure gradient force, ١ 3 pЈ (hereafter PGFЈ, where is the density,
Ϫ1
Ϫ s p the pressure, the subscript s indicates the rest state, and prime the perturbation), is neglected when compared to the buoyancy and the latter remains the single force to perform work on the parcel. But the adjusting pressure assumption seems to be not applicable to baroclinic instability since in large-scale dynamics the PGFЈ is by no means negligible. This can be easily shown from the vertical momentum equation
where wЈ is the vertical velocity,
FIG. 1. A parcel displacement ␦r in the y-z plane, from initial position A to position B, with an angle slope ␣ p , in a stably stratified baroclinic atmosphere. Isentropic cross sections surfaces, inclined by the ␣ angle, are indicated by the solid lines. The buoyancy force is represented by bЈ.
is the buoyancy, g the gravity, and is the potential temperature. The parcel method neglects the vertical component of the PGFЈ (the latter term of the rhs) versus the buoyancy (the former), while under the quasi-hydrostatic balance, the buoyancy is canceled at leading order by the vertical component of the PGFЈ and the acceleration of the parcel is essentially horizontal. The heat flux argument refers to the instantaneous displacement and tacitly assumes that the displaced parcel was in a perfect balance with the environment from which it departed, position A in Fig. 1 . Hence Ј(A) ϵ p (A) Ϫ e (A) ϭ 0, where is the potential temperature, and the subscripts p and e indicate the parcel and the environment, respectively. But Ј(A) does not vanish in general.
1 Thus, if a parcel locally colder than its environment, that is, Ј(A) Ͻ 0, is lifted adiabatically poleward to B within the wedge of instability and remains colder than its new environment at position B, it certainly contributes toward negative heat fluxes.
In this paper we use the Eady normal modes solution to reexamine these two arguments. In section 2, we compare the role of the PGFЈ to the role of the buoyancy in determining the parcel and flow instabilities. The contribution of the initial temperature perturbation to the heat fluxes is demonstrated in section 3. Concluding remarks appear in section 4.
1 Here we implicitly relate Lagrangian properties (parcel, environment) to Eulerian ones (perturbation, mean flow). Under the linearity assumption, the mean flow remains constant with time and hence can be identified with the parcel's undisturbed environment. Thus if F (r, t) represents some property of the fluid, at location r and time t, it can be associated with the parcel there so that
, where the bar denotes the mean flow.
PGF versus buoyancy
The volume average of the perturbed kinetic energy growth of a Boussinesq flow in the quasigeostrophic framework with no horizontal mean shear, can be written, for example, Pedlosky (1987, p 522) , as On the other hand, the quasigeostrophic Lagrangian kinetic energy growth of a single parcel is equal to the work that is performed by the the total horizontal PGF; that is,
is the quasigeostrophic Lagrangian time derivative, the upper bar indicates the temporal zonal mean; · ١ 2 (p Ϫ1 s ϩ pЈ) is the total horizontal PGF; v is the horizontal wind vector (where v ϭ (U, 0)); the horizontal ageosvЈ a trophic wind vector where is its meridional compo-Ј a nent, and f the Coriolis parameter. However, when the quasi-hydrostatic assumption,
where u is the three-dimensional wind vector and (4) on a 3D channel domain, that is, the flow is confined vertically and meridionally by four rigid walls, we will end up, for a zonally periodic perturbation, un-
Three horizontally averaged and normalized terms of Eq. (5). The parcel kinetic energy growth, the buoyancy work, and the work of the PGFЈ are represented by the solid, heavy solid, and dashed lines, respectively. der the Boussinesq approximation, with Eq. (1), that is, d g ͗K p ͘/dt ϭ ‫͗ץ‬KЈ͘/‫ץ‬t ϭ ͗wЈbЈ͘. In order to demonstrate the role of the PGFЈ versus that of the buoyancy in determining the parcel kinetic energy growth, let us average Eq. (4) over the horizontal plane only,
3 dt s Each term in this equation is normalized by the domainaveraged kinetic energy perturbation ͗KЈ͘ and by twice the growth rate, and then plotted in Fig. 2 for the most unstable mode of the Eady problem [i.e., zonal and meridional wave numbers k ϭ 3.1277, l 0 ϭ /2, respectively, with the terminology as in Pedlosky (1987) ]. As expected, the buoyancy work term, associated with the flow instability, is maximized right at the steering level and is zero at the upper and the lower boundaries. However, the parcel kinetic energy growth behaves in the opposite manner: it is minimized at the steering level and maximized at the upper and lower boundaries (note that this term is proportional to the square of the amplitude of the Eady unstable modes). In other words, on average, parcels displaced at the steering level gain minimal kinetic energy, although their contribution to the flow instability is maximal. By the same token, the parcels displaced horizontally, right at the boundaries, do not contribute at all to the flow instability but nevertheless gain maximal kinetic energy. This redistribution of the kinetic energy from the steering level throughout the fluid depth to the horizontal boundaries is due to the PGFЈ, see Fig. 2 . Hence, the vertical structure of the perturbation kinetic energy growth in Fig. 2 (which is similar for all the unstable modes) cannot be explained by the buoyancy argument, which neglects the PGFЈ. The energy is redistributed by the secondary circulation energy flux, as can be shown from the relations In the same manner, the PGFЈ redistributes the horizontally averaged meridional heat flux,
which is constant with height for the Eady normal modes, so that the total energy change would be minimized at the steering level and maximized at the horizontal boundaries. Similar vertical redistribution of the turbulent kinetic energy, by the PGFЈ, is also found in the planetary boundary layer; see Stull (1988) .
In the next section we use the Eady growing normal modes solution to reexamine the heat flux argument.
The heat fluxes and the wedge of instability
The heat flux argument claims that a parcel displaced within the wedge of instability contributes toward positive heat fluxes and hence toward the instability of the flow. Thus, in order to validate this argument we plotted the parcel's instantaneous displacements in the y-z plane for three normal modes: k ϭ 0.5, 3.1277, 4.5; Figs. 3a,b,c. These modes represent the long waves, the most unstable mode, and the almost neutral short waves, respectively. (Notice that in Fig. 3 the parcel's displacements, as well as the angle of the basic-state isentropes, indicated by the dashed lines, are in the y-z plane while variations are along the x axis.) These figures seem to fit nicely to the description of the baroclinic instability as a sort of a slantwise convection and support the heat flux argument. For the unstable modes, almost all the displacements lie within the wedge of instability. Near the horizontal boundaries the displacement slopes are forced to be horizontal, but the trajectories at the steering level vary from being almost horizontal for small k to almost parallel to the isentropes for the almost neutral critical k c . For the most unstable mode k max ϭ 3.1277, the trajectory slope, at the steering level, is equal to 0.61 (and 0.53 for the 2D, l 0 ϭ 0, most unstable mode) of the isentropic slope. Recall that half of the isentropic slope is the optimal slope to generate kinetic energy perturbation 2 ; Eady (1949) . Trying to deduce from Figs. 3a,b what would be the vertical structure of the horizontally averaged vertical heat fluxes, , we would
x,y wЈb expect it to maximize at the vicinity of the steering level and vanish at the boundaries. But, for the almost neutral (but still unstable) mode, Fig. 3c , we would expect to find a bimodal vertical structure for that is minx,y wЈbЈ imized at the steering level as well as at the boundaries and maximized somewhere in between them. However, when is plotted, it is found to maximize exactly x,y wЈbЈ at the steering level and to vanish at the boundaries for all the unstable modes. Thus, how can this paradox be explained?
The heat flux argument refers implicitly to the instantaneous displacement rather than the total displacement and neglects the initial temperature perturbation. The temperature difference Ј, at some position r and time t is Ј(r, t) ϭ p (r, t) Ϫ e (r) ϭ p (r 0 , t ϭ 0) Ϫ e (r), where r 0 indicates the initial position of the parcel. Thus, for adiabatic motion, Ј(r, t) is determined by the initial value of the parcel's potential temperature at its initial position. Hence, the signs of the heat fluxes are affected by both the instantaneous parcel's displacement (according to Ј and wЈ) and by the total parcel's displacement (determined by Ј) as demonstrated in the following.
3 Figure 4a (4b) combines the instantaneous displacement arrows diagram for k ϭ 4.5, with the initial potential temperature (vertical heat flux) perturbation contours. For instance, the parcels indicated by A and B in Figs. 4a,b seem to experience similar instantaneous displacements, and both are within the wedge of instability. However, in Fig. 4a we can see that parcel A is initially warmer than its environment (solid contours) and parcel B is colder than its environment (dashed contours). Figure 4b shows that parcel B, although displaced upward and poleward, remains colder than its environment and contributes toward negative vertical heat flux. Actually, at each level besides the steering level, we can find all four combinations of ascending/ descending of warmer/colder parcels. This leads to a partial cancellation in the heat flux when it is averaged horizontally. Since at the steering level the correlation between the parcels' vertical displacements and the temperature perturbations is always positive, the horizontal average of the vertical heat flux is maximized there. From similar reasons, it can be shown that the horizontally averaged meridional heat flux remains constant with height.
Another counterexample to the heat flux argument is the neutral modes of the semi-infinite Eady model, for example, Gill (1982, §13.2, p. 550-555) . For these modes, the parcels' displacements are within the wedge of instability beneath the steering level and outside the wedge of instability above it. Nevertheless, the horizontally averaged heat fluxes, as well as the horizontal average of the parcel kinetic energy growth, are all zero everywhere (independent of height).
Concluding remarks
The parcel theory suggests a simple and intuitive explanation for the baroclinic instability mechanism and is presented in most textbooks. Therefore, we found it important to reexamine this theory and to understand its limitations.
The main argument of the theory, that parcels of an unstable baroclinic flow are displaced within the wedge of instability, was shown here to be correct for the Eady unstable normal modes. Also, the parcels' displacements, at the steering level, are indeed changing from being close to the horizontal for large wavelengths to almost being parallel to the isentropes near the shortwave cutoff. For the most unstable mode, the displacement slope is close to half of the isentropic slope, as already noticed by Eady (1949) . The parcel method interprets these results by relating the parcel kinetic energy growth to the work performed by the buoyancy force. This is true only in the volume-averaged sense. Locally, the parcel is accelerated horizontally by the VOLUME 55
3. Vector diagrams of the variation of the parcels displacements, in the y-z plane, along the x axis. Diagrams a, b, and c show the solution for three Eady normal modes: k ϭ 0.5, 3.1277, 4.5, respectively, after Pedlosky (1987) . Dashed lines indicate the angle of the basic-state isentropes. The x axis is distance normalized by the wavelength, while the z axis is depth normalized by the tropospheric scale height. Notice that the parcel displacements, as well as the angle of the isentropes, are in the y-z plane while variations are along the x axis. residual PGFЈ, that is, by the part of the PGFЈ not balanced by the Coriolis force. The PGFЈ, which is intrinsically neglected by the parcel method, was shown to be responsible for the vertical redistribution of the parcel kinetic energy growth, from the steering level to the horizontal boundaries. The parcel method suggests also that the slope of the parcel instantaneous displacement solely determines the signs of the heat fluxes. Here, we show that the temperature perturbation and therefore the heat fluxes are affected by the initial temperature perturbation and therefore by the total parcel's displacement. Thus, one cannot conclude from a snapshot of the parcel's displacement on the signs of the heat fluxes.
In summary, the parcel method, although appealing and elegant, should be considered with caution when applied to large-scale dynamics in general and to baroclinic instability in particular.
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FIG. A1. The y-z plane is divided into three regions characterized by the different contributions of the parcel displacement to the averaged kinetic and total energies growth. In region 1, both of the contributions are positive. In region 2, both of the contributions are negative. In region 3 the contribution to the total energy growth is positive, while it is negative to the kinetic energy growth.
